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1 INTRODUCTION 
The brain is said to be the most complex structure in the known universe and has intrigued 
many people from the earliest points in history on. The progress of cognitive neuroscience 
in the last decades and even years is nothing short of remarkable if not even revolutionary.  
Every day new evidence leads to new ideas and answers some questions but also stirs 
another. But even considering all this immense progress and new-found knowledge of brain 
and mind, some puzzle pieces now seem even bigger than ever (Baars and Gage, 2010). 
 
One of the crucial parts of the brain for cognition and normal behaviour is the prefrontal 
cortex covering the frontal part of the frontal lobe. The prefrontal cortex has long been 
viewed as mysterious, even though Miller and his colleagues have called it the ‘organ of 
civilisation’ already in 1960 which alludes to many important and complex functions of this 
particular region of the brain. Functions such as paying attention, making plans and revising 
them when needed, emotions, working memory and monitoring the world around us – 
complex functions that are part of our everyday (Baars and Gage, 2010). 
 
Cognitive flexibility is the ability to change behaviour when new circumstances arise. It is 
one of the executive functions, controlled by the prefrontal cortex and has been shown to be 
implicated and disrupted in many psychiatric and neurological disorders (Izquierdo et al., 
2017). In experimental subjects, different tasks for assessment of cognitive flexibility or its 
disruption are employed. One of these is the reversal learning task, which usually uses an 
appetitive operant paradigm in which initially learned reward contingencies are switched. 
That shift requires subjects to identify the change in environment, suppress the learned 
behaviour that is not optimal anymore and learn a new pattern of behaviour that will replace 
the old one. (Alsiö et al., 2015). Reversal learning tasks have helped pinpoint frontostriatal 
circuitries to be implicated in reversal learning across different species (Schoenbaum et al., 
2000; Butter, 1969; Fellows and Farah, 2003). In particular, prefrontal cortex subregions like 
the orbitofrontal cortex (OFC) and its connections with the striatum and the amygdala (Clark 
et al., 2004; Stalnaker et al., 2007).   
 
Many different studies showed implication of the OFC in reversal learning; what is more, 
there is important evidence that this region is functionally diverse, with different regions 
having different roles in behaviour, even though this fact is many times neglected in 
research. Two subregions of the OFC that show importance in reversal learning and even 
exhibit a clear dissociation in their function are medial and lateral OFC (Mar et al., 2011). 
Additionally, medial prefrontal cortex (mPFC) and amygdala (basolateral amygdala in 
particular) also seem to be implicated in cognitive flexibility (Clark et al., 2004). That is not 
surprising considering the vast connections of afferent end efferent nerve fibres 
interconnecting them (Fuster, 2008). 
 
Furthermore, there is strong evidence that cognitive flexibility is dependent on proper 
serotonin (5-hydroxytryptamine, 5-HT) signalling (Soubrié, 1986; Robbins & Crockett, 
2010), where the 5-HT2A and 5-HT2C receptors (5-HT2NR) appear to play important, but 
opposing roles in mediating compulsive behaviour. Systemic 5-HT2AR antagonism impairs 
reversal learning, whereas 5-HT2CR antagonism improves it (Boulougouris et al., 2008). 
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1.1 AIMS AND HYPOTHESIS 
The aim of this project was to investigate the role of specific prefrontal cortex (PFC) 
subregions and site-specific serotonin signalling in cognitive flexibility using touchscreen-
based behavioural tasks in rat models. In particular, we wanted to explore the role of specific 
PFC subregions, namely the lateral OFC and, the less investigated, medial OFC and mPFC 
as well as the serotonin receptor subtypes, 5-HT2A and 5-HT2C receptors in these subregions. 
To this end, we performed local pharmacological manipulations using intracranial infusions 
of GABAergic and glutamatergic agents as well as selective serotonin receptor antagonists 
to temporarily modulate local receptor function and determine the effect on visual reversal 
learning. 
 
We hypothesised that: 
 
 different subregions of the PFC, including OFC subregions, may play different roles 
in reversal learning with dissociation of the roles of the medial versus the lateral 
OFC. 
 
 local 5-HT2A and 5-HT2C receptor antagonism will play opposite and region-
specific roles.  
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2 LITERATURE REVIEW 
2.1 COGNITIVE FLEXIBILITY 
Cognitive flexibility is the ability to quickly change or shift behaviour in response to new 
and unexpected circumstances in the environment and is essential for adaptation to new 
challenges and survival (Izquierdo et al., 2017). This complex behaviour depends on 
effective engagement of different brain processes to identify changes in the surroundings, 
shift attention to these changed elements, determine that the previous strategy is no longer 
appropriate, inhibit previous responses and establish a new strategy or set new goals (Dajani 
and Uddin, 2015; Davidson et al., 2006). Thus cognitive flexibility is important for efficient 
executive function and is necessary to carry out goal-directed behaviours (Denckla, 1994).  
 
Cognitive flexibility is most commonly assessed with reversal learning and attention set-
shifting tasks (Nilsson et al., 2015). The set-shifting task uses compound stimuli and works 
in two different perceptual dimensions that are switched at certain points in the task (Keeler 
and Robbins, 2011). However, the reversal learning task has been on the rise when it comes 
to the number of published studies and it has also been dubbed a pre-eminent test of cognitive 
flexibility by Izquierdo (2017). It has been used in rodent (Izquierdo et al., 2006), monkey 
(Cotterman et al., 1956), and human studies (Fellows and Farah, 2003). 
 
Deficits in tasks of cognitive flexibility have been associated with diverse pathologies such 
as obsessive-compulsive disorders (OCD) (Chamberlain et al., 2006), Alzheimer’s disease 
(Freedman and Oscar-Berman, 1989), Parkinson’s disease (Downes et al., 1989), 
Huntington’s disease (Lange et al., 1995), autism (Hughes et al., 1994), schizophrenia 
(Elliott et al., 1995), unipolar depression (Reischies et al., 1999), bipolar disorder (Clark et 
al., 2001), attention deficit hyperactivity disorder (ADHD) (Kempton et al., 1999), substance 
abuse (Ersche et al., 2008) and eating disorders (Roberts et al., 2007). 
 
2.2 REVERSAL LEARNING 
In the classic reversal learning paradigm used across species, subjects are trained to 
discriminate between two visual stimuli or spatial locations, one of which is rewarded every 
time it is chosen and the other which is not rewarded. After successful discrimination 
learning has been demonstrated by reaching a certain criterion level of performance, the 
outcomes associated with the two stimuli are reversed and subjects are again trained on the 
task until they meet the same performance criterion. Reversal learning is usually based in 
instrumental, appetitive forms, but Pavlovian associations can also be reversed and outcomes 
can also be aversive (Izquierdo et al., 2017; Burke et al., 2009). 
 
One of the biggest advantages of reversal learning paradigms is that they can be easily 
employed in multiple species with only minimal modifications. They have significant 
translational value for understanding the neural bases of cognitive flexibility. Reversal 
learning tasks have replicated findings across rodent (Schoenbaum et al., 2000), non-human 
primate (Butter, 1969) and human subjects (Fellows and Farah, 2003). 
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In human subjects, the most common approach for assessment of reversal learning is the 
presentation of visual stimuli on a screen that can be responded to with a screen touch or a 
keyboard stroke (Lawrence et al., 1999). Reward in these tasks involves a simple notification 
that a response was correct or the accumulation of money, either simulated or real (Cools et 
al., 2002; Fellows and Farrah, 2003). In non-human primates, touch screen tasks are most 
commonly used to test reversal learning, but the reward for the selection of correct stimulus 
on the screen is mostly appetitive (Clarke et al., 2004). 
 
Assessing reversal learning in rodents can be done by using paradigms involving touch-
sensitive screens (Alsiö et al., 2015), two levers (Chang, 2014) or nose poke portals 
(Zhukovsky et al., 2017). Mazes are also used to test spatial discrimination and reversal 
learning (Jentsch and Taylor, 2001). However, only with a touchscreen a wider variety of 
stimuli can be used and the testing process can be better controlled (Neill et al., 2001; Mar 
et al., 2013). 
 
Some variations of reversal learning tasks are more appropriate for certain species than 
others. Tasks involving sensory learning (e.g. involving odours or digging) are more easily 
acquired in rodents. On the other hand, visual discrimination paradigms are better suited for 
primates. For human subjects, the stimuli are often partially predictive (probabilistic), which 
means the correct choice is rewarded less than 100 percent of the time and is so effectively 
slowing down the rate of learning (Bari et al., 2010). Because of these differences, reversal 
learning tasks are modified to a certain degree to better suit a certain species (Figure 1). 
However, despite the differences in the paradigms, there is still more convergence and 
comparability of methods testing reversal learning across different species than 





Figure 1: Reversal learning paradigm across different species – rodents, non-human primates and humans. 
There are some modifications in the tasks, however, comparability between the species is still very high 
(Izquierdo et al., 2017). 
Slika 1: Reverzno učenje pri različnih vrstah (glodavcih, primatih in ljudeh) poteka prilagojeno glede na vrsto, 
vendar je primerljivost kljub temu visoka (Izquierdo in sod., 2017). 
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With the extensive help of reversal tasks and neuroimaging studies it has been recognised 
that prefrontal cortex, orbitofrontal cortex, medial prefrontal cortex and the striatum (dorsal 
and ventral striatum), which act as parts of the cortico-striato-thalamic loop circuitries work 
together to modulate cognitive flexibility. The amygdala (especially basolateral amygdala) 
(Stalnaker et al., 2007) and its connections with striatum and orbitofrontal cortex is also 
implicated in reversal learning (Clark et al., 2001; 2004). 
 
2.3 PREFRONTAL CORTEX  
The prefrontal cortex, its definition and even existence, was historically very controversial 
because of its cytoarchitectonic variability across different species (Brodmann, 1909; Akert, 
1964; Preuss and Goldman-Rakic, 1991). However, the strong connections with the thalamic 
mediodorsal nucleus (MD) are an important indicator of the PFC. Today it is generally 
accepted that the PFC (Figure 2) is the cortex of the anterior pole of the brain. Anatomically 
it is a part of the cerebral cortex that receives projection fibres from the MD, although it also 
receives them from many other subcortical locations (Fuster, 2008; Uylings et al., 2003).    
 
 
Figure 2: Sagittal drawing of a rat brain (A) further divided into prefrontal areas (B). Medial (B, left) and 
lateral (B, right) view of the rat brain. The drawings are not in scale. Abbreviations: IL, infralimbic cortex; LO 
lateral orbitofrontal cortex; MO, medial orbitofrontal cortex; OB, olfactory bulb; PL, prelimbic cortex; VO, 
ventral orbitofrontal cortex. (Adapted from Passingham and Wise, 2012; Murray et al., 2017; Amateau et al., 
2004). 
Slika 2: Prikaz podganjih možganov po sredinski ravnini (A) z dodatno razdeljenimi prefrontalnimi regijami 
(B). Medialni (B, levo) in lateralni (B, desno) pogled možganov podgane. Risbe niso narejene v merilu. 
Okrajšave: IL, infralimbična skorja; LO, lateralna orbitofrontalna skorja; MO, medialna orbitofrontalna skorja; 
OB, olfaktorni bulbus; PL, prelimbična skorja; VO, ventralna orbitofrontalna skorja (Prirejeno po Passingham 
in Wise, 2012; Murray in sod., 2017; Amateau in sod., 2004). 
 
 
Practically all the prefrontal connections are reciprocal – the PFC sends fibres to almost 
every structure from which it receives them with some rare exceptions (Middleton and 
Strick, 1996). Different subregions of the PFC have different patterns of connectivity 
(Figure 3). The orbital and medial prefrontal cortex is primarily and prominently connected 
with the MD. These connections have been documented in the rat (Leonard, 1969),             
non-human primates (Walker, 1936; 1938) and humans (Meyer et al., 1947). Additionally it 
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is also connected with other thalamic nuclei, the hypothalamus (Rempel-Clower and Barbas, 
1998), the amygdala (Krettek and Price, 1974) and limbic and medial temporal cortex, 
including the hippocampus (Barbas and Blatt, 1995). The lateral prefrontal cortex, on the 
other hand, is primarily connected with the basal ganglia, lateral thalamus (Kelly and Strick, 
2004), the caudate nucleus (Goldman and Nauta, 1977) and the neocortex (Fuster, 2008).   
 
A major obstacle of the cross-species research of the PFC has been the long-standing debate 
over what regions of the PFC are equivalent between different species (Brown and Bowman, 
2002). One of the main reasons for that lies in the fact that the PFC shows big variation 
across species in terms of anatomical criteria (cytoarchitectonics) and connectivity. 
However, with the help of a unified definition of the PFC several distinct regions can be 
identified (Rose and Woolsey, 1948; Dalley et al., 2004). Rodent PFC is subdivided into two 
general areas, medial and ventral (Figure 3). The medial and ventral areas are referred to as 
the medial prefrontal cortex (mPFC) and orbitofrontal cortex (OFC), respectively. The 
mPFC includes cytoarchitectonically defined areas such as prelimbic cortex (PrL), 
infralimbic cortex (IL), frontal area 2 and dorsal anterior cingulate area. The OFC includes 
areas such as medial orbitofrontal cortex (mOFC), lateral orbitofrontal cortex (lOFC) and 





Figure 3: Subdivision of rat PFC with major fibre connections marked. (C) Subdivision of rat PFC into two 
general areas - medial (mPFC) and ventral (OFC) prefrontal cortex. (A) Connections with other cortical areas. 
(B) Connections with subcortical areas. Coloured circles represent connections with correspondingly coloured 
areas of PFC. Abbreviations: EC, entorhinal cortex; GC, gustatory cortex; PC, piriform cortex; PPC, posterior 
parietal cortex; PR, perirhinal cortex; SMC, sensorimotor cortex; VC, visual cortex. (Adapted from Tsutsui et 
al., 2016). 
Slika 3: Podregije prefrontalne skorje pri podgani s prikazanimi pomembnejšimi nevronskimi povezavami. (C) 
Delitev prefrontalne skorje možganov pri podgani na dva dela – medialno in ventralno prefrontalno skorjo. (A) 
Nevronske povezave prefrontalne skorje z možgansko skorjo in (B) preostalim delom možganov. Obarvani 
krogi predstavljajo povezavo z delom prefrontalne skorje ustrezne barve. Okrajšave: EC, entorinalna skorja; 
GC, gustatorna skorja; PC, piriformna skorja; PPC, posteriorna parietalna skorja; PR, peririnalna skorja; SMC, 
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Because of the above-mentioned diversity of the PFC, it’s functions are considered to be 
various as well. Generally, studies across species confirm the idea that the PFC contributes 
to the executive functioning (Baddeley, 1996; Dalley et al., 2004), goal-directed behaviour 
(Miller and Cohen, 2001) and top-down processing (Passingham, 1995). However, different 
components of executive function are considered to be heterogeneous and divided across 
different anatomical subdivisions of the PFC (Roberts et al., 1998). 
 
2.3.1 Orbitofrontal cortex 
 
The OFC is important for successful behavioural flexibility when learned reinforced 
contingencies change without warning (Jones and Mishkin, 1972; Chudasama and Robbins, 
2003). The OFC seems to be implicated in reinforcement guided decision making and 
learning as well as in suppression of behaviour (Nobre et al., 1999). The OFC damage also 
results in irresponsibility, impulsivity and perseveration in humans (Bechara et al., 1994) 
and impairment in the ability to modify behaviour after a contingency change in primates 
(Butter, 1969). In contrast, attentional set-shifting task produces no noticeable impairment 
when the OFC region is damaged (McAlonan and Brown, 2003). 
  
Rats with the OFC lesions are not impaired in visual discrimination learning or the (later) 
learning phases of reversal learning. The deficit is only observed in the early stages of 
reversal, where rats tend to perseverate because of the inability to inhibit previously 
reinforced responses (Chudasama and Robbins, 2003). 
 
However, there are some contrasting studies regarding the OFC region and its function 
(Izquierdo et al., 2017; Fettes et al., 2017). These reported differences support the claims 
that there is a functional heterogeneity within the OFC. Human studies show that there is a 
functional dissociation between mOFC and lOFC subregions when performing certain tasks 
(McClure et al., 2004; 2007). Similarly, findings with mOFC and lOFC inactivation and 
lesions in rats also clearly highlight the heterogeneity of the rat OFC (Fuchs et al., 2004; Mar 
et al., 2011).    
 
The lOFC is crucial for reversal learning and adapting behaviour to previously unrewarded 
stimulus (Clark et al., 2004). Human subjects with lOFC (but not mOFC) lesions are severely 
impaired on visual reversal learning task, showing that lOFC is activated when behavioural 
switch between two different stimuli is required (Kringelbach and Rollins, 2004; Hornak et 
al., 2004). Similarly, monkeys with lOFC lesions have impaired reversal learning ability 
because of inability to inhibit responses to previously rewarded stimulus (Jones and Mishkin, 
1972; Izquierdo et al., 2004). Inactivation of the mOFC in monkeys is associated more with 
monitoring of the incentive value of stimuli (Iversen and Mishkin, 1970). 
   
In rodents, mOFC and lOFC have also been proven to have different functions and roles in 
different choice tasks (Mar et al., 2011). In probabilistic reversal learning, inactivated mOFC 
impairs rats’ learning ability, implicating the role of the mOFC in value assignment. The 
lOFC inactivation selectively impaires reversal performance, which is disrupted by the 
inability to adjust to shift in contingencies (Dalton et al., 2016). 
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Thus the mOFC and lOFC seem to play important roles in reversal learning. While mOFC 
may be responsible for encoding the relative value of a stimulus, the lOFC seems to have an 
important role in adapting behaviour based on the most rewarding outcome (Fettes et al., 
2017). 
 
2.3.2 Medial prefrontal cortex 
 
The mPFC has been associated with many diverse functions including oculomotor control 
(Hall and Lindholm, 1974), attentional processes (Birrell and Brown, 2000), visceromotor 
activity (Hurley-Gius and Neafsey, 1986), decision making (Bechara and Damasio, 2005), 
goal-directed behaviour (Le Merre at al., 2018), and long-term and working memory (Quinn 
at al., 2008; Horst and Laubach, 2009).  
 
In human and nonhuman primates, a dorsolateral prefrontal cortex (which appears to be 
homologous to the PrL in rodents (Kolb, 1984)) is driving flexible behaviour in (extra-
dimensional) attentional set-shifting (Dias et al., 1996). This was also confirmed for mPFC 
in rats (Birrell and Brown, 2000) and mice (Bissonette et al., 2008). Rats with lesions in 
mPFC (centred in the PrL and IL) are impaired in an extradimensional shift with no 
impairment in acquisition or reversal learning (Birrell and Brown, 2000). Reversal learning 
is generally not impaired in mPFC lesioned animals – impairment was only observed when 
the stimuli were difficult to discriminate (Bussey et al., 1997). This shows that the PFC 
subregions mediate set-shifting and reversal learning differently. As described above, 
damage to the OFC impairs reversal learning while leaving set-shifting ability intact. 
Conversely, damage to the mPFC leads to deficits in set-shifting while failing to affect 
reversal learning (McAlonan and Brown, 2003). 
 
The IL an PrL are often treated as a single region in many studies, despite apparent functional 
differences and opposing functions. The PrL has been implicated with goal-directed 
behaviour while the IL seems to have an important function in habit formation (Killcross 
and Coutureau, 2003). 
 
2.4 SEROTONIN 
Serotonin (5-hydroxytryptamine; 5-HT) is a monoamine neurotransmitter. Most of the 
serotonin in mammals is found within the gut, produced by enterochromaffin cells. It is 
however also found in the central nervous system where it arises from raphe nuclei - 
specialised groups of cells located in the brainstem reticular formation. Serotonin is 
produced in a two-step process from the essential amino acid L-tryptophan. It plays a variety 
of roles in normal physiology including in developmental, cardiovascular, gastrointestinal 
and endocrine function, sensory perception, cognition, impulsivity and memory. In the brain, 
serotonin is produced within axon terminals, where it is released in response to an action 
potential and then diffuses across the synapse to activate postsynaptic receptors. The 
serotonin receptors belong to a group of G-protein-coupled receptors superfamily except for 
one which is ligand-gated ion channel receptor (Nichols and Nichols, 2008). At least fifteen 
different 5-HT receptor subtypes are generally grouped into seven distinct families                
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(5-HT1 to 5-HT7), according to their molecular structure and pharmacological profiles 
(Hoyer et al., 1994).  
 
Several lines of clinical and experimental research implicate changes in 5-HT signalling in 
reversal learning. In healthy human subjects, reduced plasma tryptophan disrupts reversal 
learning, recognition memory, visuospatial learning and acquisition of stimulus-reward 
association (Park et al., 1994). Tryptophan depletion or lesions of serotonergic neurons in 
the PFC shows a greater sensitivity to reversal learning compared to extra-dimensional shift 
learning, which shows that 5-HT has more powerful influence over the OFC circuitry than 
mPFC circuitry. Similar findings can be found in human subjects, monkeys and rats (Rogers 
at al., 1999; Clarke et al., 2004, 2005, 2007; Lapiz-Bluhm, 2009). Additionally, 
pharmacological inhibition or genetic loss of 5-HT transporter and consequently increased 
level of brain serotonin improves performance in visual and spatial serial reversal learning 
(Brigman et al., 2010; Barlow et al., 2015). Mediation of reversal learning appears to be 
selectively modulated by serotonin projections to the OFC (Clarke et al., 2007), however 
specific serotonin receptor subtypes have different effects. 
 
5-HT2R are main excitatory serotonin receptors, even though 5-HT2AR could have an 
inhibitory effect on OFC as well (Hannon and Hoyer, 2002). There are three 5-HT2R  
subtypes with high structural homology – 5-HT2A, 5-HT2B and 5-HT2C, all found abundantly 
in cortical areas. When they are activated, 5-HT2R couple to Gq/11 proteins which promotes 
activation of phospholipase C which in turn leads to the generation of intracellular calcium 
(Lopez-Gimenez and Gonzalez-Maeso, 2018).  
 
The 5-HT2A and 5-HT2C receptors both seem to mediate serotonin’s effect on reversal 
learning but with opposing behavioural effect. Systemic injections of 5-HT2A antagonist 
(M100907) and 5-HT2C antagonist (SB242084) reveal that 5-HT2A blockade impairs reversal 
learning while 5-HT2C blockade improves reversal learning performance (Boulougouris et 
al., 2008). Reversal learning performance also improves after specific targeting of the lOFC 
with the 5-HT2C antagonist (Alsiö et al., 2015).   
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Gelatin (Sigma Aldrich, USA) 
Chromium (III) potassium sulfate (Sigma Aldrich, USA) 
Xylene (Sigma Aldrich, USA) 
Acetic Acid (Sigma Aldrich, USA) 
Cresyl Violet (Sigma Aldrich, USA) 
Formic Acid (Sigma Aldrich, USA) 
Sodium Acetate Anhydrous (Sigma Aldrich, USA) 
Saline solution 
Sucrose (Sigma Aldrich, USA) 
Sodium phosphate monobasic (NaH2PO4*H2O) (Sigma Aldrich, USA) 
Sodium phosphate dibasic (Na2HPO4) (Sigma Aldrich, USA) 
Formalin solution, neutral buffered, 10 % (Sigma Aldrich, USA) 
Water for injections (Norbrook, UK) 
Metacam (Boehringer Ingelheim, Germany) 
Baytril (Bayer, Germany) 
Isoflurane (Sigma Aldrich, USA) 
Euthatal (Sigma Aldrich, USA) 
Baclofen (Tocris, UK) 
Muscimol (Tocris, UK) 
Dihydrokainic acid (Tocris, UK) 
M100907 (Tocris, UK) 
SB242084 dihydrochloride hydrate (Tocris, UK) 
Hydrogen Chloride (Sigma Aldrich, USA) 
Sodium Hydroxide (Sigma Aldrich, USA) 
Optimal Cutting Temperature (O. C. T.) Compound (Fischer, USA) 
Dental cement 
Dental cement liquid  
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3.1.2 Laboratory equipment and tools 
 
Syringe pump (Harvard Apparatus, USA) 
Gastight Syringe (Hamilton, USA) 
Stereotaxic instrument (Kopf, USA) 
Stereomicroscope (Leica, Germany) 
Drill (Qudent, UK) 
Thermometer probe (Harvard Apparatus, USA) 
Warming pad (Harvard Apparatus, USA) 
Fibre optic illuminator (Volpi, USA) 
Cryostat (Leica, Germany) 
Guide cannula (PlasticsOne, USA) 
Internal cannula (PlasticsOne, USA) 
Dummy cannula (PlasticsOne, USA) 
Purified Rodent Tablets (TestDiet, USA) 
Pellet dispenser (Med Associates, USA) 
Pellet receptacle (Med Associates, USA) 
Modular chamber (Med Associates, USA) 
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Male Lister Hooded rats (Charles River, UK) were housed in solid-bottomed cages with 
sawdust bedding. They were in a controlled environment with a regulated temperature of 
21 °C ± 2 °C and humidity of 50 ± 15% and were maintained on a reverse 12h light/dark 
cycle with lights off (red lights on) at 7 am and lights on at 7 pm. Animals had ad libitum 
access to tap water. They were group-housed, four rats per cage, with the home cage being 
cleaned weekly. After the surgical implantation of cannulae, animals were single-housed in 
smaller, modified cages.  
 
After the rats’ arrival at a weight between 250 and 300 g, animals were allowed an 
acclimatisation period of 7 days, where they had ad libitum access to tap water and laboratory 
chow. After at least a week and a weight over 300 g, animals were food-deprived, with their 
body weight maintained at about 85% of their free-feeding weight. They were fed every day 
at least one hour after the testing with a maximum of 17,5 g of food pellets per rat, depending 
on the number of sugar pellets consumed during testing. The rats were weighed and tail 
marked weekly and their health status was monitored daily. 
 
All research in this thesis has been performed under the Animals (Scientific Procedures) Act 
1986 Amendment Regulations 2012 following ethical review by the University of 




SB242084 was dissolved in PEG400 at 20% of the final required volume, which was then 
made up by 10% (w/v) hydroxypropyl-beta-cyclodextrin. M100907 was dissolved in 0.01 M 
PBS and 0.01 M HCl; NaOH was used to adjust pH value to 6.5-7.0. DHK was dissolved in 
sterile saline. Baclofen hydrochloride and Muscimol hydrobromide were dissolved 
separately in sterile saline; two separate solutions were then combined to form a cocktail 
with each drug at the final concentration of 1.0 mM 
 
The stock solutions were aliquoted and frozen at -80 °C in quantities required for each test 
day separately. SB242084 was administered with microinfusions at 0 (vehicle), 1 or 
3 µg/hemisphere, M100907 was administered at 0 (vehicle), 1 or 3 µg/hemisphere, DHK 
was administered with microinfusions at 0 (vehicle), 0.5 or 1 µg/hemisphere.  All the drugs 
were administered 10 minutes before the testing. 
 




Behavioural experiments were carried out in 16 rectangular operant chambers (Med 
Associates, USA), dimensions 30 cm x 39 cm x 29 cm consisting of a metal frame with clear 
Perspex walls (Figure 4). Access inside the chamber was enabled through a hinged side wall, 
secured with a latch during testing. The floor consisted of stainless steel bars spaced 1 cm 
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apart, above a tray. Chambers were each placed in sound-blocking wooden boxes with fans 
for the ventilation and to mask the external noise. In each operant box a central food 
magazine was connected to an external pellet dispenser delivering 45 mg sucrose pellets 
(TestDiet, UK). The food magazine was equipped with a light and a photocell nose poke 
detector. A houselight (~3 W) was located near the ceiling directly above the magazine. On 
the opposite side of the chamber was an infrared touchscreen monitor (dimensions: 29 cm x 
23 cm) that did not require the test subject to exert any pressure in order for touches to be 
registered. Before testing, all pellet dispensers were properly dusted to ensure undisturbed 
pellet delivery into the food magazine. After the testing, the trays were wiped and washed 
every day. Chamber walls, sensors and pellet dispensers were cleaned once a week and 
before the start of an experiment, but not during the experiment to maintain the similar 




Figure 4: Complete apparatus in which the behavioural experiments were carried out. The operant chamber was 
placed in a sound-blocking wooden box (A) with ventilation (H). It consisted of clear walls and metal bars (I) at the 
bottom, with tray (K) underneath for rat’s excrements.  On one side of the chamber was touchscreen (B). Opposite 
of it was located food magazine (C) for sugar pellet delivery, completed with magazine light (D) and a nose poke 
detector (J). The food magazine was connected to an external pellet dispenser (F), delivering sugar pellets (G) as a 
reward. Above the magazine was placed house light (E), turned on in case of an incorrect choice of stimulus. Figure 
on the right is a schematic representation of the rat inside the testing chamber, courtesy of L.P. Petersen. 
Slika 4: Celoten prikaz naprave, kjer so bile izvedene vedenjske raziskave. Komora je bila postavljena v leseno 
škatlo, ki ni prepuščala zvoka (A) z dodatnim ventilatorjem (H). Komora je bila sestavljena iz prozornih sten in 
kovinskih palic na dnu (I) pod katerimi je bil pladenj za iztrebke (K). Na eni strani komore se je nahajal zaslon (B). 
Na nasprotni strani je bila nameščena odprtina za dostavo sladkornih peletov (C) z lučjo (D) in detektorjem (J). 
Odprtina je bila povezana z napravo za dostavo sladkornih peletov (F). Nad to odprtino je bila nameščena večja luč 
(E), prižgana v primeru napačne izbire dražljaja. Slika na desni predstavlja podgano v testni komori in je delo 
L.P.Petersen. 
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3.2.2 Pretraining stages 1-3 
 
After the food restriction of the animals, they started with the first stage of pretraining 
(Figure 5A). Animals were completing 60-minute sessions daily in an operant chamber. 
They responded at a single white box (the “start box”) at the bottom of the touchscreen. 
Every response, i.e. start box touch, led to the delivery of a sugar pellet as a reward with the 
food magazine light turning on at the same time. The start box was displayed on the screen 
for an unlimited amount of time until the animal touched it and it would reappear after the 
reward collection. In pretraining stage 1, the white box covered most of the lower part of the 
screen. When the animal had reached the criterion of 100 correct trials (i.e. 100 start box 
touches and sugar pellets collections) in one session, the start box was being reduced in size 
in pretraining stage 2 until it reached the final size of 3 x 4 cm at the bottom and centre of 
the touch screen in stage 3 (Figure 5A, third panel).  
 
3.2.3 Pretraining stages 4 and 5 
 
In the following stages of pretraining (stages 4 and 5; Figure 5B and 5C), touching the white 
start box was not reinforced with the sugar pellet anymore but rather led to the presentation 
of a new stimulus on the screen.  The stimuli were in the form of either vertical or horizontal 
bars presented at random in the left or right position on the screen. When the animal had 
correctly touched the stimulus, it was rewarded with a sugar pellet. Incorrect touches at the 
blank side of the touchscreen were recognised as an incorrect choice and signalled with a 
house light turning on for a 5 second time-out period. The animal started out with one type 
of stimulus (either vertical or horizontal) and when it reached over 80 percent of correct 
responses in a single session the stimulus was switched. When criterion was reached for both 
sessions with horizontal and vertical bars stimuli in pretraining stage 4, the position of the 
stimuli was raised approximately 5 cm to the final position of the stimuli to avoid any 
accidental touches (pretraining stage 5; Figure 5C) and the rat had to reach criterion on both 
the vertical and horizontal stimuli before moving on the discrimination stage. 
 
3.2.4 Visual discrimination and reversal learning 
 
Rats were trained to respond to two stimuli presented on the screen simultaneously for the 
first time (Figure 5D). One stimulus (CS+) was associated with a reward (sugar pellet) and 
second stimulus (CS-) with house light turned on for a 5-second time-out without any 
reward. Stimuli were horizontal and vertical bars, as in stages 4 and 5 of pretraining. These 
two types of stimuli were chosen based on previous validation experiments showing that the 
rats can dissociate these two images and were not biased towards either of them.   
 
Each trial was initiated with the press of a start button at the centre bottom of the touchscreen. 
The button was placed in the centre to ensure the rat’s central position at the screen before 
the trial start. After the initiation of the trial two stimuli appeared. The rat had 10 seconds to 
make a choice, or the initiated trial would count as an omission. If the rat touched the CS+ 
stimulus, the CS- stimulus disappeared from the screen and the CS+ stimulus blinked for 3 
seconds, the food magazine light turned on with the sugar pellet delivered into the magazine. 
After pellet collection, the inter-trial interval (ITI) of 5 seconds ensued. Following the ITI 
the start box reappeared and the rat was able to initiate another trial. See figure 5 for a simple 
flowchart of the training.  
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Each daily session ended after either 250 initiated trials, 150 correct choices or after 60 
minutes, whichever occurred first. The criterion for discrimination learning was 80% of 
correct choices in a running interval of 30 trials. Sessions were divided into running bins of 
30 trials, which means a rat reached criterion if it made 24 correct choices in one window of 
30 trials. Once rats successfully acquired and learned the task, meaning they reached the 
criterion at least once, they were given a retention session the following day, where they 
repeated the same task to reinforce the acquired discrimination. 
Figure 5: Stages of pretraining – first stage of pretraining (A), on the touchscreen is only displayed a white 
box which gets reduced in size, when animals reach 100 correct trials in one session, until it reaches the final 
size in which it is used in all further testing sessions as a start button. The second stage of pretraining (B) – 
press of a start button leads to the appearance of one stimulus, either horizontal (as pictured) or vertical at the 
bottom of the screen. When rat reaches 80 percent of correct trials on both versions of the stimulus it moves 
to the next stage (C) where after initiation of the trial with the start button one stimulus (vertical or horizontal) 
is displayed higher up on the touchscreen. The final form of the task is visual discrimination (D) where rat, 
after initiation of the trial with the start button, has displayed two stimuli at the same time, one correct, 
reinforced (CS+) and one incorrect (CS-). On the right figure a flowchart depiction of two stimuli serial 
reversal task is shown (Flowchart adapted from Alsiö et al., 2015). 
Slika 5: Stopnje začetnega predtreninga podgan. Pri prvi stopnji (A) je bil na zaslonu prikazan večji bel 
kvadrat, ki se je skozi drugo in tretjo stopnjo zmanjševal, ko so podgane opravile 100 pravilnih poskusov. V 
končni velikosti je bil kvadrat uporabljen kot start gumb. Pri naslednji stopnji (B) pritisk start gumba ni bil 
več nagrajen ampak je vodil do prikaza določenega dražljaja (vodoravne ali navpične črte) na dnu zaslona. Ko 
so podgane opravile 80 odstotkov pravilnih poskusov na obeh različicah dražljaja, se je ta premaknil nekoliko 
višje navzgor na zaslonu (C). Zadnja stopnja predstavlja vizualno diskriminacijo (D), kjer sta bili obe vrsti 
dražljaja prvič prikazani hkrati, en pozitivno nagrajen (CS+) in drugi nenagrajen (CS-). Na desni sliki je 
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Following the acquired discrimination and retention, rats received another retention session 
before the contingencies reversed. Rats now had to respond to the previously unrewarded 
CS- stimulus, which was now rewarded (new CS+ stimulus). Conversely, the previously 
rewarded stimulus was now incorrect (new CS-). Rats were trained daily until they reached 
reversal criterion (24 correct out of 30 trials). A retention session was included every time 
the criterion was met and before the next reversal. The rats experienced serial reversals until 
they were able to reach criterion within three daily sessions and complete more than 200 
trials on the first reversal session. They were then ready for surgical cannulations and 
subsequent pharmacological manipulations. 
 
3.3 STEREOTAXIC SURGICAL CANNULATION 
The rats were surgically implanted with 22-GA guide cannulae (PlasticsOne, USA; 
Figure 6). Before the surgery, rats were inducted with isoflurane anaesthesia (5%), 
subcutaneous injection of analgesic Metacam (dose 1 mg/kg) and antibiotic Baytril (dose 
10 mg/kg). During surgery, they were maintained under isoflurane anaesthesia (2.5%) 
inhaled through a mask. Surgery was conducted under sterile conditions with aseptic 
techniques - all the tools used during the surgery were sterilised in an autoclave. Throughout 
the duration of the surgery, the rat’s breathing and body reflexes were constantly monitored 




Figure 6: Guide cannula surgically implanted into the rat's brain – single (A) and double (B). It guides injector 
to a specific target in the brain. Single (C) and double (D) injector for microinfusions, inserted into the top of 
the guide cannula, enabling the infusion of fluid at a consistent depth. Dummy cannula (obdurator) (E), fits 
onto the guide cannula to prevent debris from entering the guide cannula and blocking it (Neuroscience in vivo 
research components, 2018). 
Slika 6: Vodilna kanila, enojna (A) ali dvojna (B), je bila kirurško vstavljena v možgane podgane in je nato 
vodila injektor (C in D) za mikroinfuzijo do pravilne lokacije v možganih. Slepa kanila (E) je bila vstavljena 
za preprečitev vdora umazanije v vodilno kanilo (Neuroscience in vivo research components, 2018). 
 
The rat’s fur on the head was shaved off and the skin was wiped with iodine for sterilisation. 
The rat was placed on a heating pad with a rectal probe inserted to maintain body temperature 
and mounted into the stereotaxic frame, head fixed with a mouth piece and atraumatic ear 
bars. Using the scalpel, an anterior-posterior incision was made on the animal’s scalp. 
Hemostats were used to open up the incision and reveal the skull and two important 
orientation landmarks on the skull – Lambda and Bregma (Figure 7). The exposed surface 
was cleaned and dried with cotton swabs. We drilled four holes with a hand drill, two in 
front of the scalp and two in the back, and inserted screws, leaving them just slightly above 
the skull’s surface to allow space for the cement to settle under the screws. We made sure 
the skull was flat by assuring that both landmarks were at the same dorsal-ventral 
coordinates. Next, we set the coordinates of interest on the skull, with reference to Bregma. 
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On the desired spot on the skull, we drilled a hole with an electric drill. Once we were certain 
the hole was suitable and the DV coordinate was obtained from the surface of the dura, we 
carefully broke and removed the dura from the surface of the brain. Then we gently lowered 
the cannula into the drilled hole and into the brain at the target coordinates. When we made 
sure there was no bleeding, we mixed the dental cement and secured the cannula in place 
with it. When the cement dried we inserted the dummy cannula and the dust cap. Lastly, we 
sutured the incision site. We turned off the isoflurane and removed the animal from the 
apparatus, carrying it into the recovery chamber. There the rat was monitored until it was 
completely recovered. During the following three days the rat received analgesic Metacam 
(orally, 1 mg/kg) and was weighed and health monitored for five days. After the surgery the 





Figure 7: A schematic showing of Bregma and Lambda – landmarks on the rat's skull, used as reference points 
for stereotaxic surgery (Paxinos and Watson, 2004). 
Slika 7: Shematski prikaz Bregme in Lambde – dveh točk na lobanji podgane, uporabljenih za orientacijo pri 
stereotaksični operaciji (Paxinos in Watson, 2004). 
 
Targets for the guide cannulae were, for IL and PrL: AP (anterior-posterior): +2.7, ML 
(medial-lateral) ±0.75 (from bregma) and DV (dorsal-ventral): -1.0 (from dura); for mOFC: 
AP: + 4.0, ML: ±0.6 (from bregma) and DV: -1.4 (from dura); for lOFC: AP: 3.7, ML: ±2.5 
(from bregma) and DV: -1.7 (from dura). All surgical coordinates were based on a 
stereotaxic rat brain atlas (Paxinos and Watson, 2004) and adjusted through pilot surgeries 
to secure optimal placements. 
 
3.4 MICROINFUSIONS 
When the rats had recovered from the surgery, at least seven days after the surgical 
procedure, they were given a retention session followed by a baseline reversal where they 
were reintroduced with the task without any manipulations. During the baseline reversal they 
were assessed to determine suitability for the further testing, stable performance and no 
presence of side bias. Data from the baseline reversal was also used to create within-subject 
latin-square cross-over experimental design, where animals were randomly counterbalanced 
across the drug doses and matched for their performance. During the baseline reversal days, 
the animals were habituated to the infusion procedure as the experimenter performed mock 
and vehicle infusions. Their dummy cannulae and obdurators were also cleaned during the 
baseline reversal week at least once.   
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Figure 8: A flowchart of a typical week of pharmacological testing with microinfusions of drugs. On the first 
day rats received vehicle infusion on the retention session. On day two each rat got drug of the correct dose 
infused. Stimuli were now reversed – previously rewarded stimulus (CS+) was not rewarded anymore (now 
CS-) and vice versa. On the third day, rats received the same dose of the same drug with CS+ and CS- remaining 
the same. On the fourth day rats receive another infusion of drug and by the end of the session they would 
typically reach criterion, meaning they would choose rewarded stimulus at least 80% of the time (24 correct 
out of 30). On the day five another retention session was performed to reinforce learned discrimination. No 
testing was performed on days six and seven. The flowchart represents a typical week. However, there are 
exceptions to this, where rats would reach criterion sooner (e.g. on day 3) or they would need longer to reach 
criterion (e.g. day 5).  
Slika 8: Diagram, ki prikazuje tipičen teden farmakoloških testiranj z mikroinfuzijami farmakoloških 
učinkovin v določene možganske regije. Prvi dan testiranja podgane prejmejo dozo brez preizkušane 
učinkovine. Na drugi dan testiranja podgane prejmejo ustrezno dozo farmakološke substance, prav tako pa se 
dražljaja zamenjata; prej nagrajeni dražljaj (CS+) ni več nagrajen (sedaj CS-) in obratno. Tretji dan podgane 
prejmejo enako dozo z enakima dražljajema. Na četrti dan podgane ponovno prejmejo infuzijo na koncu naloge 
pa običajno dosežejo tudi pričakovani kriterij 80% pravilno opravljenih poskusov (24 pravilnih od 30 začetih 
poskusov). Na peti dan podgane ponovno opravljajo nalogo, tokrat brez infuzije, za potrditev naučene 
diskriminacije. Diagram na sliki prikazuje tipičen teden toda prihaja lahko tudi do izjem, ko podgane dosežejo 
določen kriterij že prej (npr. tretji dan) ali kasneje (npr. peti dan). 
 
 
Injectors (PlasticsOne, USA) with 28-GA were extended 2.5 mm below the guide (-3.5 mm 
from dura) for PrL infusions, 3.5 mm below the guide (-4.5 mm from dura) for IL, or 2 mm 
below the guide (-3.7 mm from dura) for lOFC and mOFC infusions. Infusions were 
performed with a syringe pump in a volume of 0.5 µl over 2 minutes. The injector was left 
in place one minute before the infusion and one minute after the infusion. During the infusion 
procedure the rats were allowed to freely move on the lap of the experimenter or in some 
cases gently restrained. After the procedure, the rats went back into their home cages.         
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Ten minutes after the end of the infusion the animals were placed in the testing chambers for 
their daily session.  
 
Rats received vehicle infusions on their first retention session before the reversal. 
Afterwards, they received an infusion of correct drug and dose every day of their reversal 
until they reached criterion (typically on their third day of reversal). On their retention 
session, they did not receive any infusions, but rather just completed the task normally. If 
any rat did not reach criterion on their retention session, they ran retention again the next 
day, again without any infusion. Usually, rats received four infusions every week (vehicle 
on the first retention session and three days of reversal) and typically had two days without 
testing between two separate reversals (Figure 8).  
 
3.5 HISTOLOGY 
At the end of the experiments, animals were given a lethal dose of sodium pentobarbitone 
and were perfused transcardially with 0,01 M PBS buffer followed by 10% natural buffered 
formalin (NBF).  
 
Once an animal has reached a surgical plane of anaesthesia, tested with a toe pinch, it was 
placed on a tray. An incision was made cutting all the way through the rib cage. The sternum 
was lifted away, exposing the heart. A small incision to the left ventricle was made and a 
perfusion needle was passed through the cut ventricle into the ascending aorta. Finally, an 
incision into the animal’s right atrium created an outlet for the perfusion fluids. The animal 
was then ready to be perfused. Firstly, the PBS buffer was flushed through the needle to 
flush out the blood. When the tissue was less red in colour, the buffer was switched for the 
NBF fixative. Fixation tremors were observed. The perfusion was completed when the rat 
was stiff to the touch. 
 
Next, the animal’s head was removed using a guillotine. All the skin and muscles were 
removed to expose the skull which was then gently cracked and opened to expose the brain. 
When all the scalp was removed the olfactory bulb and nervous connections along the ventral 
surface of the brain were severed. The brain was then tipped into the brain pot, filled with 
NBF fixative.  
 
The collected brain was left in a fixative on a shaking plate for the next 24 hours. Then it 
was transferred into 30% sucrose in 0.01 M PBS overnight until the brain ascended to the 
surface.  
 
The fixed brain was then ready to be sliced into coronal sections of 60 µm thickness. The 
brain was frozen in dry ice and mounted into cryostat and sliced at the temperate of – 21 °C. 
Slices were stored in antifreeze solution and placed into the freezer.  
 
Sliced sections of the brain were next mounted onto the gelatine coated microscope slides 
and stained with cresyl violet, for Cresyl violet staining (also known as Nissl Staining - stains 
Nissl substance in the cytoplasm of neurons) For the protocol of the performed staining look 
at figure 9.   
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Figure 9: Flowchart of the Cresyl violet staining with all separate steps and times needed for tissue mounted 
on the slides to be immersed in specific solutions. All the steps were carried out in the fume hood. 
Slika 9: Prikaz barvanja tkiva z uporabo Cressy violet metode po posameznih korakih. Vsi koraki so bili 
opravljeni v digestoriju. 
 
Stained sections were used to verify injector-tip placements inside the brain according to 
standard rat brain atlas (Paxinos and Watson, 2004).    
 
3.6 STATISTICAL ANALYSIS 
All experiments were done within-subject. Data from each reversal were collapsed over 
days. Trial outcomes were then classified as perseverative, random or learning, depending 
on the performance over 30 running trials intervals. Any 30 trial interval in which the rat 
displayed a significant bias towards the previously correct stimulus (<11 correct) was 
classified as perseverative, whereas any 30 trial interval in which the rat displayed a 
significant bias towards the currently correct stimulus (>19 correct) was classified as 
learning. Data collected after the criterion was reached was excluded from the analysis. 
 
The primary dependent variables measured in the experiments were trials, errors and 
omissions in each phase. Square root transformation of data was used to obtain a normal 
distribution of scores for trials, incorrect responses and omissions. Data for each variable 
were analysed using repeated measures mixed model ANOVA or paired t-test as appropriate. 
For all comparisons, a significant difference was assumed at p < 0.05. 
 
Animals that lost their cannulae during the course of the experiment, as well as animals 
whose later histological analysis showed their injector tips were outside the desired brain 
region were excluded from all analysis. 
 
Additionally, some rats were excluded from the various stages of the experiment for different 
reasons - they did not reach sufficient level of reversal learning criterion, they did not recover 
after the surgery, they lost their cannula or suffered repeated seizures and therefore had to 
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4 RESULTS 












Figure 10: Schematic reconstruction of coronal sections and the positions of injector tips in (a) PrL, (b) IL, (c) 
lOFC and (d) mOFC. Solid circles represent the location of bilateral injection cannula tips which are from all 
rats included in the final analysis. Diagrams are modified from Paxinos and Watson (2004). The first figure in 
every row shows photomicrographs of Cresyl Violet-stained coronal sections taken from representative rats to 
show cannula and injector placement. Following the staining, infusion locations were clearly visible and devoid 
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Slika 10 (nadaljevanje s prejšnje strani): Shematski prikaz rekonstrukcije koronalnih sekcij možganov in 
pozicije injektorjev v (a) PrL, (b) IL, (c) lOFC in (d) mOFC. Krogi predstavljajo lokacije konice bilateralnih 
injektorjev. Diagrami so prilagojeni po Paxinos in Watson (2004). Prve slike na skrajno levi strani vsake vrstice 
kažejo obarvane sekcije možganov s Cresyl Violet metodo, kjer se dobro vidijo pozicije injektorja.    
 
4.2 INACTIVATION OF PREFRONTAL CORTEX SUBREGIONS 
For the inactivation of the PFC, 11 rats had intact cannula throughout the study targeting the 
PrL, 8 targeting the IL, 14 targeting the mOFC and 11 rats with cannula targeting the lOFC. 
After histology analysis (Figure 10) three rats (one from the IL and two from the mOFC 
study) were excluded for the incorrect position of the cannula.  
 
4.2.1 Number of trials to criterion in inactivated PFC subregions 
 
A repeated measures mixed model ANOVA consisting of one between-subject factor 
(region) and one within-subject factor (inactivation) was performed to analyse number of 
trials to criterion. The analysis showed a significant inactivation x region interaction on 
number of trials to criterion (F3,40 = 3.018, p = 0.041) with a main effect of inactivation    
(F1,40 = 4.621, p = 0.038) and region (F3,40 = 2.636, p = 0.063).  
 
 
Figure 11: Histograms showing the number of trials needed to reach criterion following the infusion of 
Baclofen/Muscimol into the PrL (a), IL (b), lOFC (c) and mOFC (d). Data are represented as mean values ± 
SEM. Asterisks denote significant differences (paired t-test: *, p < 0.05) from vehicle controls. 
Slika 11: Histogrami prikazujejo število poskusov, potrebnih za dosego določenega kriterija po opravljeni 
infuziji substance Baclofen/Muscimol v Prl (a), IL (b), lOFC (c) in mOFC (d). Podatki so prikazani kot 
povprečne vrednosti ± SEM. Zvezdica označuje statistično značilne razlike (t-test: *, p < 0,05) v primerjavi s 
kontrolnimi dozami. 
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Planned comparison of number of trials to criterion in the reversal task following an infusion 
of 1.0 mM Baclofen/Muscimol cocktail into the PrL, IL, lOFC and mOFC was performed 
(Figure 11). The student’s paired t-test analysis showed that there was a significant reduction 
in the number of trials to criterion following inactivation of the IL (t(7) = 2.528, p = 0.04), 
but not of the PrL (t(10) = 2.173, p = 0.055), lOFC (t(10) = 1.796, p = 0.103) and mOFC 
(t(13) = 0.989, p = 0.341). 
 
4.2.2 Incorrect responses in a reversal task after the PFC inactivation 
 
A repeated measures mixed model ANOVA consisting of one between-subject factor 
(region) and two within-subject factors (inactivation and phase) was performed and revealed 
a significant inactivation x phase x region interaction in the number of incorrect responses 
(F6,84 = 2.276, p = 0.044).  
 
Number of incorrect responses per phase of the reversal task following infusion of 
Baclofen/Muscimol into the PrL and IL was analysed by repeated measures two-way 
ANOVA (Figure 12). This analysis revealed no inactivation x phase interaction after the PrL 






Figure 12: Histograms showing the number of incorrect responses through the perseveration, random and 
learning phases following infusion of Baclofen/Muscimol into the PrL (a) and IL (b). Data are represented as 
mean values ± SEM. 
Slika 12: Histograma prikazujeta število nepravilnih odzivov na prikazana dražljaja med perseveracijo, 
naključno fazo in fazo učenja po infuziji Baclofen/Muscimol substance v PrL (a) in IL (b). Podatki so prikazani 
kot povprečne vrednosti ± SEM. 
 
A number of incorrect responses per phase of the reversal task, following the inactivation of 
the lOFC and mOFC, was analysed by repeated measures two-way ANOVA (Figures 13 and 
14). We found a significant inactivation x phase interaction in the lOFC and mOFC                   
(F2,20 = 3.784, p = 0.040; F2,82 = 6.23, p = 0.003 respectively). A paired t-test revealed that 
there was a significant increase in the number of incorrect responses during the perseveration 
phase (p = 0.08) following the lOFC inactivation (Figure 13) and a significant reduction in 
the number of incorrect responses during the perseveration phase in the mOFC inactivation 
(p = 0.026) (Figure 14). 
                    PrL incorrect responses                                                                    IL incorrecct responses 
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Figure 13: Histogram showing the number of incorrect responses to criterion through the perseveration, 
random and learning phases following the infusion of Baclofen/Muscimol into the lOFC. Data are represented 
as a mean values ± SEM. Asterisks denote significant differences (paired t-test: **, p < 0.01) from vehicle 
controls. 
Slika 13: Histogram prikazuje število nepravilnih odzivov na prikazana dražljaja med perseveracijo, naključno 
fazo in fazo učenja po infuziji Baclofen/Muscimol substance v lOFC. Podatki so prikazani kot povprečne 






Figure 14: Histogram showing the number of incorrect responses to criterion through the perseveration, 
random and learning phases following infusion of Baclofen/Muscimol into the mOFC. Data are represented as 
mean values ± SEM. Asterisks denote significant differences (paired t-test: *, p < 0.05) from vehicle controls. 
Slika 14: Histogram prikazuje število nepravilnih odzivov na prikazana dražljaja med perseveracijo, naključno 
fazo in fazo učenja po infuziji Baclofen/Muscimol substance v mOFC. Podatki so prikazani kot povprečne 
vrednosti ± SEM. Zvezdica označuje statistično značilne razlike (t-test: *, p < 0,05) v primerjavi s kontrolnimi 
dozami. 
mOFC incorrect responses 
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4.2.3 Omissions after the PFC inactivation 
 
A repeated measures three-way ANOVA analysis revealed there was no inactivation x phase 
x region interaction of number of omissions (F6,84 = 2.128, p = 0.059).  
 
Number of omissions during each phase of the reversal learning task following the infusion 
of Baclofen/Muscimol into the PrL and IL was analysed with the Wilcoxon Signed Rank 
test. It showed a significant increase in the number of omissions during the random phase of 
the reversal learning paradigm following the inactivation of the PrL (Z = -2.214, p = 0.027) 
(Figure 15). There were no effects on the perseveration (Z = -0.447, p = 0.665) or learning 
phase (Z = 0.0, p = 1.0). Following the inactivation of the IL, a significant increase in the 
number of omissions during the perseverative phase was observed (Z = -2.121, p = 0.034) 
(Figure 16). However, there were no effects on the number of omissions in the random (Z = 





Figure 15: Histogram showing the number of omissions to criterion through the perseveration, random and 
learning phases following the infusion of Baclofen/Muscimol into the PrL. Data are represented as mean values 
± SEM. Asterisks denote significant differences (Wilcoxon Signed Rank test: *, p < 0.05) from vehicle 
controls. 
Slika 15: Histogram prikazuje število nedokončanih poskusov med perseveracijo, naključno fazo in fazo 
učenja po infuziji Baclofen/Muscimol substance v PrL. Podatki so prikazani kot povprečne vrednosti ± SEM. 
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Figure 16: Histogram showing the number of omissions to criterion through the perseveration, random and 
learning phases following infusion of Baclofen/Muscimol into the IL. Data are represented as mean values ± 
SEM. Asterisks denote significant differences (Wilcoxon Signed Rank test: *, p < 0.05) from vehicle controls. 
Slika 16: Histogram prikazuje število nedokončanih poskusov med perseveracijo, naključno fazo in fazo 
učenja po infuziji Baclofen/Muscimol substance v IL. Podatki so prikazani kot povprečne vrednosti ± SEM. 
Zvezdica označuje statistično značilne razlike (Wilcoxon Signed Rank test: *, p < 0,05) v primerjavi s 
kontrolnimi dozami. 
 
Number of omissions following the infusion of Baclofen/Muscimol into the lOFC and 
mOFC was analysed with the Wilcoxon Signed Rank test (Figure 17). There was no 
significant effect of drug treatment on the number of omissions in a task in any phase. When 
inactivating the lOFC a trend of the higher number of omissions became apparent, but it is 
not significant (p = 0.181). Inactivation of the mOFC also presented some trends across 
phases of the task, but they were not significant (perseveration: Z = -0.141, p = 0.888; 





Figure 17: Histograms showing the number of omissions to criterion through the perseveration, random and 
learning phases following infusion of Baclofen/Muscimol into the lOFC (a) and mOFC (b). Data are 
represented as mean values ± SEM. 
Slika 17: Histograma prikazujeta število nedokončanih poskusov med perseveracijo, naključno fazo in fazo 
učenja po infuziji Baclofen/Muscimol substance v lOFC (a) in mOFC (b). Podatki so prikazani kot povprečne 
vrednosti ± SEM.  
IL omissions 
                        lOFC omissions                                                                            mOFC omissions 
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4.3 OVERACTIVATION OF THE mOFC PREFRONTAL REGION 
For the overactivation of the mOFC with DHK, there were eight rats with intact cannula 




Figure 18: Histograms showing the inactivation of the mOFC region with DHK. Number of trials to criterion 
(a) following the infusion of DHK was not significant between DHK doses infused into subjects. Number of 
incorrect responses to criterion (b) reproduced a significant reduction of incorrect responses on a high dose. 
Number of omissions (c) in the perseveration, random and learning phase showed no effect. Data are 
represented as mean values ± SEM. Asterisks denote significant differences (paired t-test: *, p < 0.05) from 
vehicle controls. 
Slika 18: Histogrami prikazujejo inaktivacijo mOFC regije z učinkovino DHK. Število poskusov za dosego 
kriterija (a) po infuziji DHK ni statistično značilno. Število napačnih odzivov na prikazana dražljaja (b) je 
statistično značilno pri višji dozi substance. Število nedokončanih poskusov med perseveracijo, naključno fazo 
in fazo učenja po infuziji DHK prav tako ni statistično značilno. Podatki so prikazani kot povprečne vrednosti 
± SEM. Zvezdica označuje statistično značilne razlike (t- test: *, p < 0,05) v primerjavi s kontrolnimi dozami. 
 
Number of trials performed to criterion on the reversal learning task following the infusion 
of DHK into the mOFC was analysed with a repeated measures one-way ANOVA (Figure 
18a). We found no main effect of overactivation on the number of trials to criterion             
(F2,7 = 3.466, p = 0.97). A paired t-test showed no significant effect of low DHK dose         
(t(7) = 1.85, p = 0.107) or high DHK dose (t(7) = 0.561, p = 0.592). 
 
Number of the incorrect responses per phase of the reversal learning task following the 
infusion of DHK into the mOFC was analysed with repeated measures two-way ANOVA 
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(Figure 18b). There was no DHK x phase interaction (F4,28 = 1.916, p = 0.136). However, 
paired t-tests revealed that 1.0 µg DHK significantly reduced the number of incorrect 
responses during the perseveration phase (t(7) = 2.658, p = .032). 
 
Number of omissions during each phase of the reversal learning task following the infusion 
of DHK into the mOFC was also analysed with two-way ANOVA (Figure 18c) and revealed 
no DHK x phase interaction (F4,28 = 0.642, p = 0.637). Number of omissions was decreased 
at a high dose of 1.0 µg/hemisphere of DHK in perseveration phase, but the observed effect 
was not significant (t(7) = 1.369, p = 0.213). 
 
4.4 INACTIVATION OF 5-HT2A SEROTONIN RECEPTORS IN lOFC AND mOFC 
Nine rats with intact cannula targeting the mOFC and seven rats with the cannula targeting 
the lOFC received M100907 for 5-HT2AR antagonism. Three rats in the mOFC and one in 




Figure 19: Histograms showing the number of trials to criterion following infusion of M100907 into the mOFC 
(a) and lOFC (b). There was no effect of treatment. Data are represented as mean values ± SEM. 
Slika 19: Histograma prikazujeta število poskusov za dosego določenega kriterija po infuziji substance 
M100907 v mOFC (a) in lOFC (b). Rezultati niso statistično značilni. Podatki so prikazani kot povprečne 
vrednosti ± SEM.  
 
Number of trials performed to reach criterion on the reversal learning task following infusion 
of M100907 into the mOFC and lOFC was analysed with one-way ANOVA (Figure 19). It 
revealed no effect of either mOFC or lOFC treatment with M100907 (F2,8 = 0.244, p = 0.777; 
F2,6 = 2.642, p = 0.128 respectively) 
 
Number of incorrect responses to criterion per phase of the reversal learning task following 
the infusion of M100907 into the mOFC and lOFC was analysed with one-way ANOVA 
(Figure 20). There was no main effect of drug in the mOFC and lOFC region (F2,16 = 0.138, 
p = 0.872; F2,12 = 0.890, p = 0.436 respectively). Infusion of M100907 into the lOFC did 
increase the number of incorrect responses in perseverative phase, but simple t-test showed 
the effect was not significant (p = 0.520 for low dose and p = 0.378 for high dose). 
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Figure 20: Histograms showing the number of incorrect responses across perseveration, random and learning 
phase following infusion of M100907 into the mOFC (a) and lOFC (b). Data are represented as mean values ± 
SEM. 
Slika 20: Histograma prikazujeta število nepravilnih odzivov na prikazana dražljaja po infuziji substance 
M100907 v mOFC (a) in lOFC (b) med perseveracijo, naključno fazo in fazo učenja. Rezultati niso statistično 
značilni. Podatki so prikazani kot povprečne vrednosti ± SEM.  
 
Number of omissions following the infusion of M100907 into the mOFC and lOFC appeared 
to have no effect after one-way ANOVA analysis (Figure 21). There was no effect of drug 
treatment on number of omissions in any phase in the mOFC (F2,16 = 1.484, p = 0.256) and 
lOFC (F2,12 = 1.961, p = 0.183). There was a trend observed when serotonin receptors in the 
mOFC were inactivated - high dose of the drug increased the number of omissions in 
perseverative phase and low dose increased the number of omissions in random phase, but 
paired t-test revealed no significance (t(8) = 0.780, p = 0.458 and t(8) = 1.65, p = 0.138 
respectively). There was, however, a significant difference in the effect of drug dose on 
omissions in the learning phase of reversal in the lOFC. High (3 µg/hemisphere) and low    
(1 µg/hemisphere) dose of M100907 have significantly different effect on the number of 





Figure 21: Histograms showing the number of omissions to criterion through the perseveration, random and 
learning phases following infusion of M100907 into the mOFC (a) and lOFC (b). Data are represented as mean 
values ± SEM. Asterisks denotes significant differences (paired t-test: **, p < 0.01) comparing two different 
doses. 
Slika 21: Histograma prikazujeta število nedokončanih poskusov po infuziji substance M100907 v mOFC (a) 
in lOFC (b) med perseveracijo, naključno fazo in fazo učenja. Podatki so prikazani kot povprečne vrednosti ± 
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4.5 INACTIVATION OF 5-HT2C SEROTONIN RECEPTORS IN mOFC 
Eight rats with intact cannula targeting the mOFC received SB242084 for 5-HT2CR 




Figure 22: Histograms showing the antagonism of 5-HT2CR in the mOFC region with SB242084. Number of 
trials to criterion (a) following the infusion of SB242084 had no effect on the number of trials. Number of 
incorrect responses to criterion (b) reproduced no effect either. Number of omissions (c) had no effect of the 
drug compared to vehicle subjects on the number of omissions after the infusion of SB242084 into the mOFC. 
There was, however, a different effect of high and low dose of the drug in the random phase of reversal task. 
Data are represented as mean values ± SEM. Asterisks denotes significant differences (paired t-test:                      
*, p < 0.05) comparing two different doses. 
Slika 22: Histogrami prikazujejo antagonizem receptorja 5-HT2C s substanco SB242084 v mOFC regiji. Število 
poskusov do dosega določenega kriterija (a) po infuziji SB242084 ni statistično značilno. Število nepravilnih 
poskusov (b) prav tako ni statistično značilno. Število nedokončanih poskusov (c) ni bil statistično značilno v 
primerjavi s kontrolnimi dozami, toda razlika med visoko in nizko dozo substance SB242084 se je pokazala 
kot statistično značilna. Podatki so prikazani kot povprečne vrednosti ± SEM. Zvezdica označuje statistično 
značilne razlike (t-test: *, p < 0,05) med dvema različnima dozama substance. 
 
Number of trials performed to reach criterion on the reversal learning task following an 
infusion of SB242084 into the mOFC analysed with one-way ANOVA (Figure 22a) revealed 
no effect on the number of trials (F2,6 = 0.183, p = 0.691). 
 
Number of incorrect responses to criterion per phase after the antagonism of 5-HT2CR with 
SB242084 in the mOFC produced no effect (F2,12 = 0.149, p = 0.863). 
 
mOFC incorrect responses 
mOFC omissions 
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Number of the omissions following the infusion of SB242084 into the mOFC revealed no 
effect after one-way ANOVA analysis (Figure 22c). There was, however, a significant 
difference in the effect of drug dose on omissions in the random phase of reversal. High        
(3 µg/hemisphere) and low (1 µg/hemisphere) dose of SB242084 have significantly different 
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5 DISCUSSION 
Work conducted for this thesis brings new insight into the PFC subregions and their different 
functions. Using a deterministic serial reversal learning task, the present study shows that 
mOFC and lOFC have opposite functions, where mOFC inactivation decreases and lOFC 
inactivation increases perseveration of rats. Some additional data also suggests involvement 
of PrL and IL in goal-directed behaviour and decision making as well as habitual behaviour. 
 
5.1 INACTIVATION OF THE PFC SUBREGIONS 
Inactivation of prefrontal subregions was performed with local microinfusions of a cocktail 
of Baclofen and Muscimol. Baclofen is a gamma-amino-butyric acid (GABA) derivative 
acting as a specific GABAB receptor agonist (Davidoff, 1985). Muscimol is a GABAA 
receptor agonist (Frølund et al., 2002). Both, GABAA and GABAB receptors, are binding 
sites for the GABA neurotransmitter, which is a major inhibitory neurotransmitter in the 
mammalian brain (Watanabe et al., 2002). Baclofen and Muscimol together inhibit neuronal 
activity through agonism of inhibitory GABA receptors. 
  
Inactivation of the lOFC and mOFC produced opposite effects in the perseverative phase of 
learning in the serial reversal learning paradigm. Inactivation of the lOFC led to a significant 
increase of perseveration as reflected by the rats making more incorrect choices after the 
reversal of contingencies. This could be due to an inability to suppress the previously learned 
stimulus and/or start to explore the newly rewarded stimulus. On the other hand, inactivation 
of the mOFC led to a significant decrease of perseveration. Inactivation of both regions had 
no implication on learning overall as the complete number of trials needed to reach criterion 
was not affected by the drug in either region. The lOFC had, together with an increased 
number of incorrect responses, also increased number of omissions, even though not 
significantly, in the perseverative phase, further indicating that inactivation of the lOFC 
impairs serial reversal learning in early perseverative phase. 
 
Inactivation of the IL revealed a reduced number of trials to criterion, suggesting a general 
improvement in performance. The number of omissions, however, was increased 
specifically in the perseverative phase after the inactivation. Inactivation of the PrL, on the 
other hand, had no effect on the number of trials to criterion. However, similar to the IL, the 
number of omissions was increased in the PrL after the inactivation as well, but here it was 
centred in the random phase of the reversal task. There were no effects of inactivation 
observed in the IL or PrL regions regarding the number of incorrect responses.  
 
The OFC has been significantly connected with the reversal learning. When disrupted it has 
an effect on early perseveration, but no effect on visual discrimination or learning 
(Boulougouris et al., 2008). The contrasting effect between the lOFC and mOFC which 
became apparent in this study has been pointed out before with a different set of methods. 
Mar et al. (2011) were one of the first to show a functional dissociation between the mOFC 
and lOFC. This was done in a delay-discounting task in rats following selective bilateral 
lesions of the specific OFC regions. They showed that mOFC lesioned rats exhibited a stable 
pattern of decreased impulsive choice and lOFC lesioned rats showed increased impulsive 
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choice. Their findings may be in agreement with our results, since this may reflect that the 
lOFC is important for inhibitory control and negative-feedback mechanisms that are 
disrupted during the temporarily inactivated or lesioned lOFC. It may point towards the 
reason why rats in our study perseverated significantly with inactivated lOFC, which could 
be due to disruption in inhibitory control. These findings are also in concord with human 
neuroimaging results where the lOFC was shown to be activated during a covert orienting 
task with the use of cues which could sometimes be misleading. The lOFC was seen activated 
when the cue was misleading and the subjects had to inhibit an already prepared response 
and change it accordingly (Elliott et al., 2000; Nobre et al., 2000). 
 
However, some of the previous findings seem to be in disagreement with our results as well. 
Chudasama and Robbins (2003) revealed that their IL lesioned rats needed longer to reach 
criterion and made more errors during the reversal stage. That contradicts our results as our 
IL inactivated rats showed improvement in overall performance in the reversal stage and 
needed fewer trials to reach criterion. The difference in findings could at least partially be 
attributed to different methods of testing. While Chudasama and Robbins (2003) used a 
similar reversal learning paradigm, a key difference was they also had correction procedures 
incorporated in the task, which means that after every incorrect choice the rat was presented 
with the same stimuli until it responded correctly. That may have also resulted in a 
substantially shorter training period than ours, which could potentially engage different 
neural circuitry and make the comparison more difficult. Additionally, they used lesions to 
inactivate the IL while we only temporarily inactivated the region with the help of specific 
pharmacological agonists.     
    
The PrL and IL are generally less crucial in reversal tasks and seem to play an important role 
in more complex set-shifting tasks (McAlonan and Brown, 2003). In the probabilistic 
reversal task performed by Dalton et al. (2016) the only observed effect was improved 
performance when the PrL was inactivated. This seems to be in contrast with our results 
where PrL inactivation had no effect on performance and it was IL inactivation that improved 
overall reversal learning. But because the task was probabilistic, the improvement in task 
suggests that it was caused by repetition of the same choices and reduction of the behavioural 
shifting. That would also confirm the role of PrL in goal-directed behaviour, which when 
disrupted would switch towards more habitual behaviour. When our rats had IL inactivated 
their overall learning was improved as they needed fewer trials to reach criterion, suggesting 
that their habitual behaviour was shifted more towards the goal-directed behaviour after 
inactivation. That supports the Killcross and Coutureau (2003) research. Their IL lesioned 
rats showed goal-directed behaviour towards rewarded stimulus more so than control 
subjects. That indicates the IL to be responsible for suppressing goal-directed behaviour in 
favour of habitual behaviour.  
 
Oualiana and Gisquet-Verrier (2010) discovered that PrL lesioned rats do not have any 
problem with suppressing of previously winning strategy when it is no longer effective. 
However, they have difficulty acquiring new strategy afterwards. That could explain why 
our PrL inactivated rats did not perseverate after reversal. They managed to suppress the 
previously learned strategy that did not work in their favour anymore. However, they had a 
problem with acquiring a new optimal strategy. That could be why they made significantly 
more omissions compared to controls in the random phase of the task. They did not have a 
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new optimal strategy formed yet and could not decide what course of action to take and 
which stimulus to choose. That also seems to be similar to the discovery of Zeeb et al. (2015). 
They have discovered that rats with disrupted PrL show impaired decision-making in the rat 
gambling task. 
 
In conclusion, we were one of the first to show functional dissociation of the mOFC and 
lOFC in a serial deterministic reversal learning paradigm. Furthermore, these results are 
another important proof that the OFC is not a unified region as it was traditionally believed 
in the past, but it is rather heterogenic region with many diverse and opposite functions 
controlling cognitive flexibility. Furthermore, it appeared clear that more attention needs to 
be paid to the mOFC region, which was traditionally much less investigated in the favour of 
more researched lOFC, but displays important functions just as well.    
 
5.2 OVERACTIVATION OF THE mOFC 
Overactivation of the mOFC was achieved with dihydrokainic acid (DHK) which is an 
inhibitor of GLT-1 glutamate transporter causing inhibition of astrocytic glutamate uptake, 
increasing the concentration of glutamate neurotransmitter in the synapse, boosting 
glutamatergic neurotransmission (Fallgren and Paulsen, 1996).  
 
We hypothesised that overactivation of the region with DHK would have the opposite effect 
on the performance in reversal task compared to inactivation of the region with 
Baclofen/Muscimol. However, the opposite happened and overactivated mOFC showed a 
decrease of incorrect choices of rewarded stimuli on DHK (significantly so on a high dose) 
in the perseverative phase of the task. This indicates that overactivation of the region 
improved the performance of the rats in the reversal task. The result seems to be on par with 
inactivation of the mOFC region, which also improved the performance of rats in the serial 
reversal task, lowering the number of incorrect choices in perseverative phase.  
 
DHK has been used in many studies with rats and one of the findings was that blockade of 
GLT-1 with DHK in a prefrontal cortex region (IL) elicited increased serotonin release 
(Gasull-Camos et al., 2017). Serotonin has been shown to have an important role in reversal 
learning. Increased levels of serotonin improve performance in visual (Brigman et al., 2010) 
and spatial (Barlow et al., 2015) reversal learning. Possible increase of serotonin in the 
mOFC caused by DHK inhibition could actually improve rat’s performance on a serial 
reversal task.  
 
5.3 ANTAGONISM OF 5-HT2A AND 5-HT2C RECEPTORS IN THE OFC 
Modulation of serotonin receptors was achieved with M100907, a selective 5-HT2A receptor 
antagonist (Schreiber et al., 1994) and SB242084, a selective 5-HT2C receptor antagonist 
(Kennett et al., 1997). Results of our study produced no effects on the reversal learning. 
There were some trends visible in results pointing to a possible dissociation between the 
mOFC and lOFC with disrupted 5-HT2AR in perseveration but in no case were the effects of 
drugs significant.  
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Our results could mean that these particular 5-HT receptors do not play any role in the 
cognitive flexibility. This, however, contradicts previous studies which clearly showed an 
important involvement of serotonin receptors and serotonin signalling in the reversal 
learning tasks and cognitive flexibility either with systemic injections (Boulougouris et al., 
2008) or local infusions (Alsiö et al., 2015). Previous studies even showed a dissociation 
between systemic antagonism of 5-HT2A and 5-HT2C receptors. We hypothesised that these 
opposing effects of 5-HT2A and 5-HT2C blockade would be mediated by the OFC, possibly 
with dissociable effects in the lOFC and mOFC. We did not see such effects. This could be 
due to the complex serotonin functioning that is not completely understood yet. There are 
also many different known serotonin receptors that could interact to mediate different 
functions or work as an alternative to receptors we inactivated and help mediate the deficit 
caused by the defected receptors. There has been a link shown between 5-HT2A and 5-HT1A 
receptors interaction in depression (Celada et al., 2004). However, because of the 
overwhelming amount of evidence linking serotonin in the prefrontal cortex and reversal 
learning, further research should be conducted. 
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6 CONCLUSION 
In this M.Sc. thesis, we set out to explore the role of different PFC subregions and region-
specific serotonin signalling in a serial reversal task, designed to assess cognitive flexibility. 
Our conclusions are as follows: 
 
 Serial reversal learning task is useful task for testing cognitive flexibility. It is easy 
to implement and works very well with rat animal models. 
 
 The PFC is functionally heterogeneous region with subregions that have different 
roles in the control of reversal learning. 
 
 The orbitofrontal region is one of the more important regions involved in the reversal 
learning. Especially important is the functional dissociation between its subregions 
(mOFC and lOFC) which seem to play opposite roles in the reversal learning, 
supporting our hypothesis. 
 
 The effects of inactivation of the lOFC and mOFC are mostly confined to the 
perseverative phase of the reversal task, showing that these regions are important for 
adjustment of the previously learned behaviour. 
 
 Inactivation and overactivation have the same effect in the mOFC - both improve the 
performance of rats in the reversal learning task. 
 
 The mPFC has an effect on rats’ performance in the serial reversal task. Rats with 
the IL temporarily inactivated have improved general performance in the task. The 
PrL inactivation produced more omissions in the random phase. The IL might be 
involved with a shift towards habitual behaviour, while the PrL might have a role in 
goal-directed behaviour, the acquisition of new behavioural strategies and decision 
making. 
 
 5HT2AR and 5-HT2CR serotonin signalling in the OFC is very important for normal 
behaviour; however, we did not manage to prove its connection with cognitive 
flexibility using our reversal learning paradigm. More research should be conducted 
on this matter.  
 
The most important conclusion from this thesis pointed out by our data is that the OFC region 
is functionally heterogeneous region with different subregions (mOFC and lOFC) that show 
clear dissociation and the opposite role in the reversal learning task. We were namely the 
first to show this dissociation with the use of a deterministic serial reversal learning task. 
The mOFC and lOFC seem to be involved especially in the control and suppression of 
already learned behaviour. Our findings are also important because these subregions have 
been historically neglected or examined as one whole, which we now showed is imprecise 
and that more thorough research of separate subregions is necessary. 
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7 SUMMARY (POVZETEK) 
7.1 SUMMARY 
One of the crucial parts of the brain for normal behaviour is the prefrontal cortex. There have 
been many complex and diverse functions linked to it, one of the reasons for that lies in a 
big heterogeneity and structural diversity of the region itself which is also heavily 
interconnected with many regions and different parts of the brain. That is why we set out to 
investigate different subregions in the prefrontal cortex and site-specific serotonin signalling 
in these specific subregions. We wanted to understand what role they play in the visual serial 
reversal task which is designed to test the within-subject effects on cognitive flexibility. 
Disrupted cognitive flexibility, the ability to rapidly change the behaviour in response to 
unexpected or changed circumstances in the environment, has been connected with many 
psychiatric disorders and is, as one of the executive functions, controlled by the prefrontal 
cortex and its subregions.  
 
For this M.Sc. project, we carried out behavioural testing and pharmacological modulation 
of the rats’ brain. We trained rats on a serial visual reversal learning task. The task was 
appetitive, operant-based paradigm in which initially reward contingencies were 
subsequently switched and the subjects had to choose a different, previously unrewarded 
stimulus. After reaching a satisfactory level of reversal learning, rats were surgically 
implanted with the guide cannulae. Through these cannulae we were able to perform site-
specific microinfusions into the chosen brain regions. We infused a cocktail of Baclofen and 
Muscimol, which are GABAergic agents, agonising GABAB and GABAA receptors 
respectively, and thus temporarily inactivating neurons in the targeted regions (PrL, IL, 
mOFC and lOFC). Next, we also examined the effect of overactivating the mOFC, which 
we achieved with DHK, a GLT-1 inhibitor, inhibiting astrocytic glutamate uptake. We also 
wanted to study the role of regionally specific serotonin signalling on the reversal learning 
because it reportedly plays an important role. We used two selective 5-HT2A and 5-HT2C 
receptor antagonists (M100907 and SB 242084 respectively) and infused them into the 
mOFC and lOFC. At the end of all experiments we transcardially perfused rats, fixed the 
tissue and collected the brain. We confirmed the placements of the cannulae in the brain with 
the help of a microscope and analysed the data of all subjects with appropriate cannulae 
placement.     
 
The analysed results showed that the OFC is an important region controlling the reversal 
learning task. Inactivation of the lOFC improved overall performance of rats, however, they 
perseverated significantly more, compared to when treated with vehicle. The lOFC might be 
important for suppression of previously learned strategy and when the lOFC is disrupted, 
rats have problems with the suppression of behaviour that is not optimal anymore. The 
mOFC, on the other hand, improved performance in reversal learning - rats tended to 
perseverate significantly less. This was an important discovery, showing, for the first time 
with this type of deterministic behavioural task, that there is a functional dissociation 
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On the other hand, it has been shown again that the PrL and IL regions have less off an effect 
in serial reversal task control, however, they do seem to be connected to the goal-directed 
and habitual behaviour.  
 
Overactivation of the mOFC also produced interesting results. Contradictory to our 
hypothesis, overactivation did not work in the opposite manner compared with the 
inactivation of the same region. Overactivation actually had a similar effect as inactivation; 
they both improved performance in reversal learning and caused rats to perseverate less. One 
explanation for this improvement could be found in an increase of serotonin release 
connected to glutamate transporter inhibition. 
 
Finally, modulation of 5-HT2AR and 5-HT2CR serotonin signalling in the OFC also produced 
unexpected results which did not coincide with our initial hypothesis. As there are plenty of 
data showing an important role of serotonin signalling in the reversal learning and cognitive 
flexibility, we hoped to further prove that and show there is a dissociation between different 
serotonin receptors in different OFC subregions. However, inactivation of 5-HT2A and 5-
HT2C receptors in the mOFC and lOFC showed no significant effect on the reversal learning.  
 
7.2 POVZETEK 
Možgani so izjemno zapletena struktura. Kako pomembni so, so se strinjali znanstveniki že 
dolgo nazaj v zgodovini. V zadnjih nekaj desetletjih in celo letih je prišlo do izjemnega, tudi 
revolucionarnega napredka na področju raziskovanja možganov, uma, razmišljanja in 
vedenja. Nevroznanost je, tudi s pomočjo vedno novih tehnik raziskovanja, podala odgovore 
na mnoga porajajoča se vprašanja o možganih – njihovi funkciji, zgradbi, delovanju. Toda, 
z vsem novim znanjem se pojavljajo tudi vedno nova vprašanja in zdi se, da so nekateri 
manjkajoči delčki v našem razumevanju tega neverjetnega organa danes večji kot so bili kdaj 
koli prej.  
 
V raziskovalnem projektu za to magistrsko nalogo smo se osredotočili predvsem na čelni 
(frontalni) reženj možganov, natančneje na prefrontalno skorjo in njene podregije, prav tako 
pa smo pozornost namenili tudi serotoninskim receptorjem v teh specifičnih regijah, ki tudi 
igrajo pomembno vlogo v nemotenem delovanju možganov. Vse te možganske regije so 
namreč vpletene v pravilno delujočo kognitivno fleksibilnost.  
 
Kognitivna fleksibilnost je zmožnost spremembe vedenja in delovanja v spremenljivem se 
okolju, kadar običajni in naučeni odzivi na dražljaje iz okolja niso več optimalni. Tako je 
najprej potrebno hitro zaznati spremembe v okolju ko se le te zgodijo, ter spoznati, da 
prejšnja strategija delovanja ni več učinkovita. Te neučinkovite vzorce delovanja in vedenja 
je treba zavreti, nato pa poiskati novo, boljšo strategijo ali zastaviti nov cilj. Vse te 
komponente morajo delovati skladno in nemoteno za normalno vedenje. Vendar nemalokrat 
pride do motenj kognitivne fleksibilnost. To pa vodi v mnoge bolezni, kot so obsesivno-
kompulzivna motnja,  Alzheimerjeva bolezen, depresija, motnje hranjenja idr. Zaradi očitne 
pomembnosti kognitivne fleksibilnosti pri mnogih in tako različnih boleznih, so bile razvite 
posebne vedenjske naloge, ki ocenjujejo in preiskujejo kognitivno fleksibilnost. To so 
najpogosteje naloge, ki vključujejo tako imenovano reverzno učenje.  
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Reverzno učenje je v svoji osnovni obliki naloga, pri kateri se testni osebki naučijo 
razlikovati med dvema različnima vizualnima dražljajema. Eden izmed teh dražljajev je 
vedno nagrajen, medtem ko drugi ni. Po uspešno naučenem razlikovanju med njima, se njuna 
narava obrne - dražljaj, ki je bil predhodno nagrajen sedaj ni več nagrajen in obratno. Takšne 
naloge so lahko z le manjšimi modifikacijami uporabljene na mnogih testnih vrstah, od 
glodavcev in primatov do ljudi. Primerljivost naloge reverznega učenja je namreč med 
vrstami zelo visoka, kar je dodatna prednost takšnih nalog. 
 
Kot že omenjeno je v delovanju kognitivne fleksibilnosti pomembna prefrontalna skorja in 
njene podregije. Definicija prefrontalne skorje dolgo časa ni bila enotna zaradi velike 
(citoarhitektonske) variabilnosti med vrstami. Danes je splošno sprejeto, da je kot 
preforntalna skorja določen sprednji (anteriorni) del možganov s pomembnimi nevronskimi 
povezavami z mediodorzalnim jedrom talamusa. Preforntalna skorja je zaradi svoje 
variabilnosti razdeljena na več podregij; običajno na medialno (imenovano medialna 
prefrontalna skorja; mPFC)  in ventralno (imenovano orbitoforontlana skorja; OFC) 
območje, ki sta nato še dodatno razdeljeni. Pomembne podregije, zanimive za naše 
raziskovanje, so predvsem prelimbična (PrL) in infralimbična (IL) skorja (podregiji mPFC) 
ter medialna (mOFC) in lateralna (lOFC) orbitofrontalna skorja (podregiji OFC).  
 
Vloge vseh teh možganskih regij in podregij so prav tako zelo raznolike, na splošno pa velja, 
da je prefrontalna skorja pomembna za izvajanje izvršilnih funkcij (ena izmed teh funkcij je 
tudi kognitivna fleksibilnost), postavljanje ciljev in tako imenovano procesiranju od zgoraj 
navzdol (ang. top-down). 
 
V magistrski nalogi smo želeli raziskati vlogo specifičnih podregij prefrontalne skorje pri 
kognitivni fleksibilnosti, ter vpliv serotoninskega signalizirnaja in delovanja 5-HT2A in         
5-HT2C serotoninskih receptorjev v teh podregijah. Predpostavili smo, da bodo raziskovane 
podregije imele različne vloge pri delovanju in nadzoru reverznega učenja; podobno bosta 
tudi serotoninska receptorja delovala različno in specifično glede na posamezno možgansko 
podregijo. 
 
Za dosego zastavljenih raziskovalnih ciljev smo uporabili testne živali, podgane seva Lister 
Hooded. Te so bile nameščene v sobah s kontroliranim okoljem – temperaturo, vlago in 
svetlobo. Prvi teden po prihodu so imele na voljo neomejeno količino vode in hrane, nato pa 
so, ko so presegle telesno maso 300 g, prešle na dieto, pri kateri je bilo zauživanje krme 
kontrolirano in omejeno. Po pretečenem enem tednu in uspešni aklimatizaciji na nove 
prostore so se začeli začetni vedenjski treningi reverznega učenja, ki so potekali v specifično 
pripravljeni komori, katere pomemben sestavni del je bil zaslon na dotik s pomočjo katerega 
so podgane izvajale nalogo.  
 
Začetne stopnje opravljanja naloge (tako imenovani predtrening) so se začele z večjim belim 
gumbom na dnu ekrana, dotik katerega je vodil do dostave nagrade – sladkornega peleta. Ob 
zadostnem številu izbranih kvadratov, se je le-ta skozi nadaljnje stopnje manjšal do končne 
velikosti, kjer je nato predstavljal gumb start, s katerim so podgane v naslednjih stopnjah 
naloge sprožile začetek posameznega poskusa. V nadaljnjih stopnjah so podgane prvič 
prejele na zaslonu prikazan dražljaj v obliki vodoravnih ali navpičnih črt. Ta se je pokazal 
ob dotiku start gumba in šele pravilna izbira dražljaja je bila nato nagrajena. Ob koncu 
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predtreninga, kot zadnja stopnja, je sledila še vizualna diskriminacija, kjer sta bila prvič na 
zaslonu oba dražljaja (vodoravni in navpični) hkrati, vsakič v naključni poziciji na levi ali 
desni strani zaslona. En dražljaj je bil nagrajen (CS+), drugi pa nenagrajen (CS-). Podgane 
so tako morale izbrati nagrajen dražljaj tolikokrat, da so dosegle določen kriterij, ki je 
predstavljal 80% pravilno izbranih dražljajev. Ko so bile podgane dovolj uspešne (dosegle 
kriterij) sta se dražljaja zamenjala. Predhodno nagrajeni dražljaj (CS+) je bil sedaj 
nenagrajen (sedaj CS-) in obratno. Podgane so takšno zamenjavo serijsko ponavljale dokler 
niso dosegle zastavljenega kriterija v treh dneh in dokler niso opravile skupno 200 poskusov 
v prvem dnevu ob zamenjavi dražljajev. Nato smo podganam stereotaksično kirurško 
vstavili  kanile tako, da so ciljale specifičen del možganov. Po vsaj tednu dni okrevanja so 
na vrsto prišle farmakološke manipulacije dosežene z mikroinfuzijami farmakoloških 
substanc skozi vstavljene kanile. Z mikroinfuzijami smo injicirali mešanico učinkovin 
Baclofen in Muscimol, ki sta agonista GABA inhibitornih receptorjev in inhibirata delovanje 
nevronov. Uporabili smo tudi dihidrokainsko kislino (DHK), ki je inhibitor glutamat 
transporterja GLT-1, kar povzroči povečano koncentracijo glutamata v sinapsi in 
prekomerno aktivira aktivnost nevronov. Za preizkušanje delovanja serotoninskih 
receptorjev smo uporabili selektivna antagonista receptorjev – M100907 za inaktivacijo 5-
HT2A receptorja in SB242084 za inaktivacijo 5-HT2C receptorja. Na dan testiranja so 
podgane z injiciranjem prejele določeno dozo učinkovine ter nato opravljale nalogo 
reverznega učenja. Običajno je za posamezno dozo potekalo testiranje pet dni. Prvi dan so 
podgane opravljale nalogo brez infuzije. Naslednji dan so prejele infuzijo ustrezne 
učinkovine, ob enem pa sta se dražljaja zamenjala. Naslednje dni so nato podgane prejemale 
učinkovino in opravljale nalogo dokler niso dosegle določenega kriterija. Vse dobljene 
podatke smo na koncu pregledali in analizirali. 
 
Ugotovili smo, da ima inaktivacija mOFC in lOFC drugačen in celo nasproten učinek na 
reverzno učenje. V fazi perseveracije, ko so podgane še izbirale predhodno nagrajen dražljaj, 
ki je bil sedaj napačen, se je vztrajanje pri napačnem dražljaju statistično značilno znižalo 
ob inaktivaciji mOFC med tem ko se je perseveracija podgan statistično značilno zvišala ob 
inaktivaciji lOFC, kar pomeni da so takrat podgane po spremembi CS+ in CS- dražljaja dlje 
časa vztrajale pri izbiri napačnega dražljaja. Ta ugotovitev ni presenetljiva in je v skladu z 
že prej objavljenimi podobnimi študijami. Takšni rezultati bi lahko pomenili, da je lOFC 
pomembna regija za kontrolo nad mehanizmi inhibicije.  
 
Inaktivacija IL je zmanjšala število opravljenih poskusov potrebnih za dosego določenega 
kriterija, kar kaže na splošno izboljšanje izvedbe naloge reverznega učenja. Zvišalo pa se je 
število poskusov ki niso bili dokončani v fazi perseveracije. Podobno se je zvišalo število 
nedokončanih poskusov tudi ob inaktivaciji PrL, toda tukaj v naključni fazi reverznega 
učenja. Podatki pridobljeni iz naših raziskav v kombinaciji s prejšnjimi študijami kažejo da 
bi IL in PrL lahko bili vpleteni v uravnavanje preklopa med ciljno naravnanim obnašanjem 
in navadami. PrL bi lahko bila pomembna tudi za sprejemanje odločitev.  
 
Prekomerna aktivacija mOFC ni dala zaključkov v skladu z našimi hipotezami. Predvidevali 
smo namreč, da bo delovanje prekomerno aktiviranega območja diametralno nasprotno 
delovanju inaktiviranega istega območja. Toda izkazalo se je, da so si rezultati podobni. 
Prekomerna aktivacija mOFC je zmanjšala število nepravilno izbranih dražljajev v fazi 
perseveracije. Eden izmed razlogov za takšne razloge bi lahko tičal tudi v uporabi DHK, ki 
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je v nekaterih raziskavah povzročil povečano prisotnost serotonina, ki naj bi imel pomembno 
vlogo v nalogah reverznega učenja. 
 
Na koncu smo z antagonisti serotoninskih receptorjev inaktivirali še dva izmed teh 
receptorjev – 5-HT2A in 5-HT2C receptorja. Rezultati iz prejšnjih študij kažejo očitno 
vpletenost serotonina in obeh omenjenih serotoninskih receptorjev v naloge reverznega 
učenja. Toda v naših raziskavah, po farmakoloških manipulacijah receptorjev in njuni 
inaktivaciji, nismo zasledili nobenih statistično značilnih razlik v primerjavi z opravljenimi 
kontrolami. Tak rezultat je bil presenetljiv glede na prejšnje ugotovitve, zato so potrebne 
dodatne raziskave. Eden izmed razlogov zakaj bi do takšnih rezultatov lahko prišlo, pa je 
zagotovo zelo zapletena narava serotoninskega signaliziranja, ki še ni povsem znana. 
 
Najpomembnejši zaključki, ki so se pokazali v našem delu kažejo na to, da je OFC 
funkcionalno heterogena regija z različnimi podregijami, ki imajo različne funkcije in celo 
nasprotne vloge pri nadzoru nalog reverznega učenja. Bili smo prvi, ki smo pokazali očitno 
razliko med funkcijami mOFC in lOFC z uporabo deterministične naloge serijskega 
reverznega učenja. To so pomembne ugotovitve tudi zato, ker je bila OFC tradicionalno 
obravnavana kot ena sama regija, ali pa je bila raziskana le lOFC, takšno mišljenje pa se je 
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